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============

This paper reports a search for new phenomena in events with a photon and a jet produced from proton--proton ($\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$ = 13 TeV, collected with the ATLAS detector at the Large Hadron Collider (LHC). Prompt photons in association with jets are copiously produced at the LHC, mainly through quark--gluon scattering ($\documentclass[12pt]{minimal}
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The first class of benchmark models is based on a generic Gaussian-shaped mass distribution with different values of its mean and standard deviation. This provides a generic interpretation for the presence of signals with different Gaussian widths, ranging from a resonance with a width similar to the reconstructed $\documentclass[12pt]{minimal}
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                \begin{document}$$q^*$$\end{document}$ production. In the second scenario, the existence of extra spatial dimensions (EDs) is assumed to provide a solution to the hierarchy problem \[[@CR4]--[@CR6]\]. Certain types of ED models predict the fundamental Planck scale $\documentclass[12pt]{minimal}
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                \begin{document}$$M^*$$\end{document}$ scenario of the extra dimensions, quantum black holes (QBHs) may be produced at the LHC as a continuum above the threshold mass ($\documentclass[12pt]{minimal}
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                \begin{document}$$pp$$\end{document}$ centre-of-mass energy of 13 TeV, whichever is smaller. The upper bound on the mass ensures that the QBH production is far from the "thermal" regime, where the classical description of the black hole and its decay into high-multiplicity final states should be used. In this paper, the extra-dimensions model proposed by Arkani-Hamed, Dimopoulous and Dvali (ADD) \[[@CR11]\] with $\documentclass[12pt]{minimal}
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The ATLAS and CMS experiments at the LHC have performed searches for excited quarks in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$ = 7 TeV \[[@CR13]\], 8 TeV \[[@CR14], [@CR15]\] and 13 TeV \[[@CR16]\]. In the ATLAS searches, limits for generic Gaussian-shaped resonances were obtained at 7, 8 and 13 TeV while a limit for QBHs in the ADD model ($\documentclass[12pt]{minimal}
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                \begin{document}$$q^*$$\end{document}$ and 6.2 (3.8) TeV for QBHs in the ADD (RS1) model were set, currently representing the most stringent limits for the decay into a photon and a jet. For a Gaussian-shaped resonance a cross-section upper limit of 0.8 (1.0) fb at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}$$\end{document}$ = 13 TeV was obtained, for example, for a mass of 5 TeV and a width of 2% (15%).

The dijet resonance searches at ATLAS \[[@CR17], [@CR18]\] and CMS \[[@CR19]\] using $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}$$\end{document}$ = 13 TeV also set limits on the production cross-sections of excited quarks and QBHs. The search in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma +\text {jet}$$\end{document}$ final state presented here complements the dijet results and provides an independent check for the presence of these signals in different decay channels.

This paper presents the search based on the full 2015 and 2016 data set recorded with the ATLAS detector, corresponding to $\documentclass[12pt]{minimal}
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The paper is organized as follows. In Sect. [2](#Sec2){ref-type="sec"} a brief description of the ATLAS detector is given. Section [3](#Sec3){ref-type="sec"} summarizes the data and simulation samples used in this study. The event selection is discussed in Sect. [4](#Sec4){ref-type="sec"}. The signal and background modelling are presented in Sect. [5](#Sec5){ref-type="sec"} together with the signal search and limit-setting strategies. Finally the results are discussed in Sect. [6](#Sec9){ref-type="sec"} and the conclusions are given in Sect. [7](#Sec10){ref-type="sec"}.

ATLAS detector {#Sec2}
==============

The ATLAS detector at the LHC is a multi-purpose, forward-backward symmetric detector[1](#Fn1){ref-type="fn"} with almost full solid angle coverage, and is described in detail elsewhere \[[@CR20], [@CR21]\]. Most relevant for this analysis are the inner detector (ID) and the calorimeter system composed of electromagnetic (EM) and hadronic calorimeters. The ID consists of a silicon pixel detector, a silicon microstrip tracker and a transition radiation tracker, all immersed in a 2 T axial magnetic field, and provides charged-particle tracking in the range $\documentclass[12pt]{minimal}
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A dedicated two-level trigger system is used for the online event selection \[[@CR22]\]. Events are selected using a first-level trigger implemented in custom electronics, which reduces the event rate to a design value of 100 kHz using a subset of the detector information. This is followed by a software-based trigger that reduces the accepted event rate to 1 kHz on average by refining the first-level trigger selection.

Data and Monte Carlo simulations {#Sec3}
================================

The data sample used in this analysis was collected from $\documentclass[12pt]{minimal}
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                \begin{document}$$36.7\pm 1.2~\text {fb}^{-1} $$\end{document}$. The uncertainty was derived, following a methodology similar to that detailed in Ref. \[[@CR23]\], from a preliminary calibration of the luminosity scale using *x*--*y* beam-separation scans performed in August 2015 and May 2016. The data are required to satisfy a number of quality criteria ensuring that the relevant detectors were operational while the data were recorded.

Monte Carlo samples of simulated events are used to study the background modelling for the dominant $\documentclass[12pt]{minimal}
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Samples of excited quark events were produced using [Pythia]{.smallcaps}  8.186 with the LO NNPDF 2.3 PDFs and the A14 set of tuned parameters for the underlying event. The Standard Model gauge interactions and the magnetic-transition type couplings \[[@CR1]--[@CR3]\] to gauge bosons were considered in the production processes of the excited states of the first-generation quarks ($\documentclass[12pt]{minimal}
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The QBH samples were generated using the QBH 2.02 \[[@CR35]\] event generator with the CTEQ6L1 \[[@CR36]\] PDF set and [Pythia]{.smallcaps} 8.186 for the parton shower and underlying event tuned with the A14 parameter set. The $\documentclass[12pt]{minimal}
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Apart from the sample generated with [Jetphox]{.smallcaps} which is a parton-level calculator, all the simulated samples include the effects of multiple $\documentclass[12pt]{minimal}
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Event selection {#Sec4}
===============

Photons are reconstructed from clusters of energy deposits in the EM calorimeter as described in Ref. \[[@CR41]\]. A photon candidate is classified depending on whether the EM cluster is associated with a conversion track candidate reconstructed in the ID. If no ID track is matched, the candidate is considered as an unconverted photon. If the EM cluster is matched to either a conversion vertex formed from two tracks constrained to originate from a massless particle or a single track with its first hit after the innermost layer of the pixel detector, the candidate is considered to be a converted photon. Both the converted and unconverted photon candidates are used in the analysis. The energy of each photon candidate is corrected using MC simulation and data as described in Ref. \[[@CR42]\]. The EM energy clusters are calibrated separately for converted and unconverted photons, based on their properties including the longitudinal shower development. The energy scale and resolution of the photon candidates after the MC-based calibration are further adjusted based on a correction derived using $\documentclass[12pt]{minimal}
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Jets are reconstructed from topological clusters calibrated at the electromagnetic scale using the anti-$\documentclass[12pt]{minimal}
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This analysis selects events based on a single-photon trigger requiring at least one photon candidate with $\documentclass[12pt]{minimal}
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Statistical analysis {#Sec5}
====================

The data are examined for the presence of a significant deviation from the SM prediction using a test statistic based on a profile likelihood ratio  \[[@CR51]\]. Limits on the visible cross-section for generic Gaussian-shaped signals and limits on the cross-section times branching ratio for specific benchmark models are computed using the CL$\documentclass[12pt]{minimal}
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Signal modelling {#Sec6}
----------------

The signal model is built starting from the probability density function (pdf), $\documentclass[12pt]{minimal}
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A summary of systematic uncertainties in the signal yield and shape included in the statistical analysis is given in Table [1](#Tab1){ref-type="table"}.Table 1Summary of systematic uncertainties in the signal event yield and shape included in the fit model. The signal mass resolution uncertainty affects the generic Gaussian signal shape, while the other uncertainties affect the event yieldUncertainty$\documentclass[12pt]{minimal}
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In order to facilitate the re-interpretation of the present results in alternative physics models, the fiducial acceptance and efficiency for events with the invariant mass of the $\documentclass[12pt]{minimal}
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Background modelling {#Sec7}
--------------------
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The parton-level [Jetphox]{.smallcaps} calculations do not account for effects from hadronization, the underlying event and the detector resolution. Therefore, the nominal [Jetphox]{.smallcaps} prediction is corrected by calculating the ratio of reconstructed jet $\documentclass[12pt]{minimal}
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The number of signal events extracted by the signal + background fit to the pure background model described above is called the *spurious signal*  \[[@CR57]\] and it is used to select the optimal functional form and the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\gamma j}$$\end{document}$ range of the fit. In order to account for the assumption that the corrected [Jetphox]{.smallcaps} prediction itself is a good representation of the data, the fit is repeated on modified samples obtained by changing the nominal shape to account for several effects: firstly, the nominal distribution is corrected to follow the envelope of the changes induced by $\documentclass[12pt]{minimal}
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                \begin{document}$$\pm 0.002$$\end{document}$ around the nominal value of 0.118 and the variation of the renormalization, factorization and fragmentation scales between half and twice the photon transverse momentum; secondly the corrections for the hadronization, underlying event and detector effects are removed; and finally the corrections for the photon purity are changed within their estimated uncertainty. The largest absolute fitted signal from all variations of the nominal background sample discussed above is taken to be the spurious signal.

The spurious signal is evaluated at a number of hypothetical masses over a large search range. It is required to be less than 40% of the background's statistical uncertainty, as quantified by the statistical uncertainty of the fitted spurious signal, anywhere in the investigated search range. In this way the impact of the systematic uncertainties due to background modelling on the analysis sensitivity is expected to be subdominant with respect to the statistical uncertainty. Functional forms that cannot meet this requirement are rejected. For different signal models, the functional form and fit range are determined separately. All considered functions with *k* up to two (four parameters) are found to fulfil the spurious-signal requirement when fitting in the range $\documentclass[12pt]{minimal}
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Given the fit range determined by the spurious signal test, the search is performed for the $\documentclass[12pt]{minimal}
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A similar test is performed to determine the functional form and fit ranges for the Gaussian-shaped signal with a 15% width. The test indicates that the same functional form and fit range as those used for the $\documentclass[12pt]{minimal}
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                \begin{document}$$q^*$$\end{document}$ signal are optimal for a wide-width Gaussian signal. The same functional form and mass range is used for all the Gaussian signals.

Statistical tests {#Sec8}
-----------------

A profile-likelihood-ratio test statistic is used to quantify the compatibility between the data and the SM prediction, and to set limits on the presence of possible signal contributions in the $\documentclass[12pt]{minimal}
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Results {#Sec9}
=======

The photon--jet invariant mass distributions obtained from the selected data are shown in Fig. [4](#Fig4){ref-type="fig"}, together with the background-only fits using the model described in Sect. [5.2](#Sec7){ref-type="sec"} and expected distributions from the signal models under test. No significant deviation from the background prediction is observed in any of the distributions. The most significant excess is observed at 1.8 TeV with the assumption of the 2%-width Gaussian model for a local significance of 2.1 standard deviations.Fig. 4Distributions of the invariant mass of the $\documentclass[12pt]{minimal}
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Limits are placed at 95% CL on the visible cross-section in the case of generic Gaussian-shaped resonances and on the production cross-section times branching ratio to a photon and a quark or gluon for the excited-quark and QBH signals. The results are shown in Fig. [5](#Fig5){ref-type="fig"} for the Gaussian signals with the width varying between 2 and 15%, and in Fig. [6](#Fig6){ref-type="fig"} for the benchmark signal models. The Gaussian signals are excluded for visible cross-sections above 0.25--1.1 fb (0.08--0.2 fb), depending on the width, at a mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\text {G}}$$\end{document}$ of 3 TeV (5 TeV). In the case of the benchmark signal models considered in this analysis, the presence of a signal with a mass below 5.3, 4.4 and 7.1 TeV for the excited quarks, RS1 and ADD QBHs, can be excluded at 95% CL. The limits improve on those in Ref. \[[@CR16]\] by about 0.9, 0.6 and 0.9 TeV for the excited quarks, RS1 and ADD QBHs, respectively.Fig. 5Observed (solid lines) and expected (dotted lines) 95% CL upper limits on the visible cross-sections $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sigma \cdot B \cdot A \cdot \varepsilon $$\end{document}$ in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$36.7~\text {fb}^{-1} $$\end{document}$ of data at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}$$\end{document}$ = 13 TeV as a function of the mass $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\text {G}}$$\end{document}$ of the Gaussian resonances with three different Gaussian widths between 2 and 15%. The calculation is performed using ensemble tests at mass points separated by 100 GeV over the search range Fig. 6Observed 95% CL upper limits (solid line with dots) on the production cross-section times branching ratio $\documentclass[12pt]{minimal}
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Conclusion {#Sec10}
==========

A search is performed for new phenomena in events having a photon with high transverse momentum and a jet collected in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$36.7~\text {fb}^{-1} $$\end{document}$ of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$pp$$\end{document}$ collision data at a centre-of-mass energy of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}$$\end{document}$ = 13 TeV recorded with the ATLAS detector at the LHC. The invariant mass distribution of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma $$\end{document}$ + jet system above 1.1 TeV is used in the search for localized excesses of events. No significant deviation is found. Limits are set on the visible cross-section for generic Gaussian-shaped resonances and on the production cross-section times branching ratio for signals predicted in models of excited quarks or quantum black holes. The data exclude, at 95% CL, the mass range below 5.3 TeV for the excited quarks and 7.1 (4.4) TeV for the quantum black holes with six (one) extra dimensions in the Arkani-Hamed--Dimopoulos--Dvali (Randall--Sundrum) model. These limits supersede the previous ATLAS exclusion limits for excited quarks and quantum black holes in the $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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The parton-level isolation requirement takes into account the correlation between reconstruction-level isolation energies and particle-level isolation energies, as a proxy for the parton-level isolation, as evaluated using $\documentclass[12pt]{minimal}
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